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Reversible exchange of photons between a ma-
terial and an optical cavity can lead to the for-
mation of hybrid light–matter states where mate-
rial properties such as the work function1, chemi-
cal reactivity2, ultra–fast energy relaxation3,4 and
electrical conductivity5 of matter differ signifi-
cantly to those of the same material in the ab-
sence of strong interactions with the electromag-
netic fields. Here we show that strong light–
matter coupling between confined photons on
a semiconductor waveguide and localised plas-
mon resonances on metal nanowires modifies the
efficiency of the photo–induced charge–transfer
rate of plasmonic derived (hot) electrons into
accepting states in the semiconductor material.
Ultra–fast spectroscopy measurements reveal a
strong correlation between the amplitude of the
transient signals, attributed to electrons residing
in the semiconductor, and the hybridization of
waveguide and plasmon excitations.
The light–induced collective oscillation of charge car-
riers in metallic nanostructures – plasmons– results
in enormous energy densities on the nanoscale which
can greatly enhance a diverse range of photophysical
processes6. Plasmon energy relaxation can result in the
formation of energetic charge carriers which can generate
localised heat through interactions with the host lattice7
or charge–separated states with sufficient electrochemical
potential to drive chemical reactions8–12.
Much effort has been focused on developing strategies
to increase the yield of charge–carrier extraction from
plasmonic structures. This yield depends on the branch-
ing ratio between radiative and non–radiative plasmon
decay. The former is partially controlled by the intrinsic
geometry of the metallic nanostructure13 and the den-
sity of photonic states around it. Plasmons are predom-
inantly radiatively–damped oscillations14.
On structures that can support both localised plas-
mon resonances and waveguide modes, it is possible to
excite strongly–coupled admixtures of these two states
resulting in waveguide–plasmon polaritons (WPPs)15,16.
These polaritons originate from the interaction of the
evanescent fields from the waveguided modes and the
(also evanescent) fields from the particle plasmons. These
waveguide–plasmon polaritons are characterised by ex-
hibiting sharp spectral linewidths that arise from the
relatively long lifetimes of the photonic character of
these polaritons, in addition to having highly localised
near–fields around the metal structures. The strong
waveguide–like character of the waveguide–plasmon po-
laritons imply that in these systems there is a strong
suppression of radiative damping17.
Ng et al18 have shown a correlation between the peri-
odicity of Al nanowire gratings supported on thin films
of TiO2 and the rate of photo–induced decomposition
of methyl orange in solution, a process they postulated
to be initiated by hot charge carrier separation at the
metal–semiconductor Schottky contact. This process was
argued to be enhanced when the metal nanowire grating
exhibited strong coupling to waveguide modes in the sup-
porting TiO2 films. Here, we show that strong coupling of
particle plasmons and waveguide modes alters the injec-
tion of plasmonic hot–charge carriers into the supporting
semiconductor waveguide.
Steady state measurements: Existence of
waveguide plasmon polaritons. As shown in the dia-
gram of figure 1, the samples consist of Au nanowire grat-
ings of variable period, deposited on top of a thin film of
TiO2. Figure 1b shows a scanning electron microscope
image of one such sample. The measured extinction (1-
Transmission) spectra of these samples, shown in figure
2(A), were measured under normal incidence using light
polarised perpendicular to the long axis of the nanowires.
Starting with a period of 250 nm, the measured spec-
trum exhibits one peak due to the localised surface plas-
mon resonance (LSPR) of the metal nanostructure. This
assignment is supported by rigorous coupled wave analy-
sis of these periodic structures18 (see supplementary In-
formation S1). The grating can impart momentum to
the incident light and couple it to waveguide modes sup-
ported by the TiO2 thin film. As the grating period is
increased, the waveguide mode can be brought into res-
onance with the LSPR mode. The strong interaction of
the evanescent electromagnetic field of the TM0 waveg-
uide mode with the (also evanescent) localised surface
plasmon resonance of the nanowires results in spectral
doublets that display an avoided crossing, as shown in
the progression of the spectra with increasing grating
period in figure 2(A). These doublets are characteristic
of waveguide–plasmon polaritons: quasi–particles of the
coupled system which can be described as a coherent su-
perposition of plasmon and waveguide modes15,16. The
physics of this interaction can be captured with a model
of coupled harmonic oscillators15,16 which leads to the
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FIG. 1: Strong waveguide–plasmon interactions (A) Au gratings of 80 nm in width and 30 nm in height were deposited
on top of 200 nm films of TiO2. The film can support waveguide modes (red wavy lines) which when resonant with the
localised plasmon resonances of the wires can lead to the formation of strongly coupled waveguide–plasmon polaritons. The
excitation of these polaritons depends on the periodicity p of the nanowire grating, for normally incident light. (B) SEM
image of lithographically–made nanowires, the scale bar shown corresponds to 500 nm. (C) Diagram illustrating the formation
of plasmon–waveguide hybrid states (P±, split in energy by ~Ω) from uncoupled waveguide and plasmon states characterised
by having energies EW and EP respectively. The pump–probe experiments were carried out by pumping into P+ states and
probing the transient occupation of electrons in the conduction band of TiO2 (represented by the curve vertically shifted by
Eg from the valence band).
following (non–Hermitian) Hamiltonian (to be more ac-
curate, the Hamiltonian should also include an additional
entry due to the coupling and excitation of TE modes,
see15): (
Ep − i~γp ~Ω/2
~Ω∗/2 Ew − i~γw
)
, (1)
where Ep (Ew) is the resonance energy of the LSPR
(waveguide mode), γp (γw) the damping frequency of the
plasmon resonance (waveguide) and ~Ω is a potential de-
scribing the coupling strength between both oscillators,
which dictates the energy splitting observed at resonance
(when Ep = Ew, the situation depicted in figure 1(C)).
The eigen–energies resulting from a diagonalisation of
this Hamiltonian with ~Ω = 300 meV are given by the
continuous coloured lines shown in figure 2(B) which sat-
isfactorily reproduce the experimental data. This model
predicts the formation of two polariton states: P− and
P+ as indicated in the diagram of figure 1(C), which are
superpositions of plasmon–like (|sp〉) and waveguide–like
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FIG. 2: Steady state spectra and energy dispersion curve. (A) Extinction data (1- Transmission) shown for several
garting periods as indicated in the legend (in nm). There is a clear avoided crossing as the period of the nanowire grating
increases. This indicates the formation of waveguide–plasmon polaritons. (B) Energy vs. nanowire grating period curve. The
dots were obtained from the maxima of the data shown in (A). The grey lines correspond to the uncoupled LSPR (continuous
horizontal line) and the lowest–order TE and TM modes of the waveguide, calculated using Maxwell equations. The solid
(coloured) lines correspond to the eigen–energies of the polariton states (P− and P+) calculated using the coupled–oscillator
model with ~Ω = 300 meV. (C) Spectral linewidths. The dots show measured spectral linewidths for the upper and lower (in
energy) branches whereas the continuous lines show the imaginary part of the eigen–energies calculated (P+ and P−) using the
coupled–oscillator model.
|w〉 states (i.e. |P+〉 = c+p |sp〉+c+W |w〉, more details in SI
S2). These states have properties that differ from those
of the uncoupled sub–systems, including their spectral
linewidths, shown in figure 2(C).
According to this simple model, incident light en-
ergy can be reversibly exchanged between the plasmon–
and waveguide–like character of the polaritons19, which
results in longer dephasing times for the plasmon–like
excitations17 and in principle could also lead to the ob-
servation of polariton beats17,19. In our samples, the en-
ergies of the polariton states P+ are above the Au–TiO2
Schottky barrier (∼ 1 eV20) and one possible relaxation
mechanism for these polariton states is that of electron
transfer from the Au nanowires into the conduction band
of TiO2
9,11,12.
Electron transfer from plasmonic nanostructures into
supporting semiconductor materials is thought to
occur following non–radiative (Landau) damping of
plasmons12. Landau damping can take place on a time
scale between 1 - 100 fs following light excitation. It oc-
4curs in competition with radiative damping (re–emission
of a photon) and is argued to result in the formation
of a non–equilibrium electron–hole pair in the metal (hot
charge carriers). In the subsequent 100 fs to 1 ps the non–
equilibrium charge carriers relax via electron–electron
scattering processes and at this stage the energy can
be transferred to the surrounding medium (or lattice) as
heat7 or can be imparted to a single electron as kinetic
energy resulting in transport into the adjacent semicon-
ductor support.
Injected electrons in the conduction band of TiO2 re-
sult in reduced TiO2 species which are known to absorb
both visible and near–IR light21 enabling thus the detec-
tion of these charge transfer events by means of visible
pump near–IR probe spectroscopy as described next.
Ultra–fast pump–probe measurements. In order
to study the kinetics of the relaxation of waveguide plas-
mon polaritons, we excited the samples using ultra–short
laser pulses spectrally tuned to the higher–energy extinc-
tion bands of the WPPs (or P+ states, blue arrow in
figure1(C)) and monitored changes in the transmission
spectrum of broad–band light pulses with a controlled
time delay with respect to the arrival of the pump pulses
(red arrow, figure 1(C)). The pump pulses were lightly
focused at normal incidence to the nanowire gratings and
were also polarised perpendicular to the long axis of the
nanowires. The incident power was adjusted to be as low
as possible (whilst attaining sufficient signal–to–noise) to
ensure that the photo–induced processes were linear with
the excitation power (indeed the magnitude of the signals
increased linearly with excitation power, see SI S3).
Figure 3 shows the results of these measurements
for the sample with a period of 425 nm (close to the
plasmon–waveguide resonance point, see fig. 2(B)) (the
spectra for other grating periods are shown in the SI,
along with those obtained for the bare TiO2 substrate
). The data of figure 3(B) clearly shows that there are
transient spectral changes in the region between 800 – 900
nm. Spectrally, the measured signals are dominated by
both a positive and negative contributions around the po-
sition of the lower polariton band. Similar observations
have been made for the case of strongly coupled plasmon–
exciton systems3,4,22 which have been interpreted as orig-
inating from transient changes in the dielectric constants
of the materials. In the time domain, figure 3(C) shows
that the detected signals consist of a fast rise and rapid
decay (∆t < 5 ps) which is followed by a slower decay
(∼ 100s ps) that exhibits oscillations for some spectral re-
gions (see figure 3(B)). A Fourier transform of these oscil-
lations reveals the presence of a harmonic at ∼ 13.3 GHz
which originates from the coherent excitation of (mechan-
ical) breathing vibrational modes of the nanowires (see
SI S4).
The transient occupation of electrons in the conduction
band of TiO2 results in a broadband transient signal that
takes place between 600 nm and all the way up to 3000
nm23,24. Therefore, the measured changes in transmis-
sion at wavelengths > than 900 nm report on the electron
FIG. 3: Femtosecond Pump – Probe spectroscopy (A)
Steady state extinction spectrum of a sample with a period
of 425 nm. The arrow indicates the spectral location of the
pump pulses. (B) Difference transmission spectra as a func-
tion of probe wavelength and pump–probe delay time (C) Ki-
netic trace measured at a probe wavelength of 868 nm. The
inset shows the Fourier Transform of the oscillatory part of
the kinetic trace, clearly revealing a component located at ≈
13.3GHz
population in the conduction band of TiO2. Evidence
that these signals originate from these electron injection
events is found in figure 4(A) where we show transient
spectroscopy results for nanowire gratings deposited on
an inert (i.e. no electron accepting states) glass sub-
strate, in addition to a nanowire grating deposited on
a TiO2 substrate using a Ti adhesion layer, which has
been shown to result in an Ohmic contact25. As shown
on the schematic at the top of figure 4, the nature of the
5different contacts and substrates is expected to lead to
marked differences in the transient spectra. For a glass
substrate, electron injection from Au nanowires is un-
likely due to the unfavourable energetics. For an Ohmic
contact, whilst the electron injection is possible, the life-
time of the charge separated states will be significantly
smaller in comparison to those of the Schottky contacts,
where due to band–bending, an energetic barrier (Schot-
tky barrier, with height φSB in figure 4) prevents the
injected electron from directly recombining with the hole
left in the metal. These differences translate into the ob-
served changes in the amplitude of the transient signals
shown in figure 4(A). Therefore, at long wavelengths, the
measured transient changes in transmission report on the
transient population of electrons in the TiO2 that origi-
nate from non–radiative decay of the plasmon–like exci-
tations of the P+ state. Figure 4(B) shows kinetic traces
of these signals for several nanowire grating periods.
A simple kinetic model (developed in section S5, see
equation S6) shows that the amplitude of the signals
shown in Figure 4(B) are proportional to the quantum
yield for electron injection and the plasmon–like charac-
ter of the P+ state, dictated in turn by the coefficient
c+p : the plasmon component of an initially populated P+
excited state can depopulate by electron transfer from
the metal nanowire into accepting states in TiO2. Fig-
ure 4(C) shows the amplitude of these signals (measured
at ∆t=0 in figure 4(B)) vs grating period, which clearly
shows that this amplitude changes with the period of the
grating. We argue that the evolution of the amplitude
of the transient signals is due to an interplay between
a reduced radiative damping due to plasmon–waveguide
hybridization and the plasmon character of the resulting
hybrid state, as we discuss next.
The quantum yield for electron injection φ is given
by φ = kinj/(kinj + krad + knr), where kinj is the rate
of electron injection, krad the rate of radiative damping
of the plasmons and knr is the rate of all other non–
radiative decay channels. kinj depends on the overlap of
the wavefunctions of the electron donating and accepting
states, the density of accepting states, the reorganisation
energy and the free energy associated with the electron
transfer. Except for the last parameter, these are all
largely controlled by the nature of the Au/TiO2 inter-
face, which remains unchanged as the period is varied in
our experiments. In the absence of electron transfer, the
total dephasing rate of a plasmon resonance is given by
krad+knr, a rate that is substantially modified when the
plasmons hybridise with waveguide modes as shown ex-
perimentally by Zentgraf et al17. The plasmon radiative
decay rate krad can be approximated as
26:
krad ∝ |〈sp|Hrad|final state〉|2 (2)
where Hrad is the Hamiltonian describing the radiative
scattering of plasmons and |sp〉 denotes an initial state of
the metallic nanostructure supporting a surface plasmon
oscillation. For a strongly coupled waveguide–plasmon
system, the states are given by coherent superpositions
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FIG. 4: Electron injection Diagrams representing the dif-
ferences in the electrical nature of the contacts of (A): On an
insulating substrate, electron injection is not readily possible.
On Ohmic contacts electron back transfer from semiconduc-
tor to metal can take place limiting the lifetime of the charge–
separated state. On Schottky contacts the barrier slows down
this back reaction. (A) Transient spectra for Au nanowire
gratings deposited directly on thin films of TiO2 forming a
Schottky contact, deposited with a 2nm Ti adhesion layer,
leading to an Ohmic contact25 and on a glass (insulator) sub-
strate. (B) Difference transmission spectra measured at a
common probe wavelength removed from polariton branches.
(C) Maximum amplitude of the data shown in (B) plotted as
a function of grating period.
6(i.e. |P 〉 = cw|w〉 + cp|sp〉. More details in section S2)
and therefore the radiative decay rate would be modified
to a value k¯rad given instead by:
k¯rad ∝
∣∣∣∣ (〈sp|c∗p ± 〈w|c∗w) |Hrad|final state〉∣∣∣∣2
∝ |cp|2krad
(3)
which, since |cp|2 ≤ 1, implies that waveguide–plasmon
strong coupling reduces the rate of radiative damping
and consequently increases the electron injection quan-
tum yield φ (for an alternate explanation, see SI S6).
The magnitude of the measured signal of figure 4(B) is
proportional to the product of the quantum yield of elec-
tron injection and the plasmon character |c+p |2 of the P+
excited state. The later increases with increasing grating
period (see figure 2(B) and SI figure S5), but the former,
according to equation (3) and the definition of the quan-
tum yield, decreases with grating period. The net result
is that there is an optimum point of plasmon–waveguide
hybridisation that leads to increased electron injection,
as shown by the data of figure 4(C).
Our work demonstrates that modifications of the
electromagnetic environment of plasmonic systems, and
in particular strong coupling of these excitations with
electromagnetic fields leads to a modification of the
rate (efficiency) of plasmonic hot–charge carrier injec-
tion. Strategies to increase the yield of metal–to–
semiconductor charge transfer are important for the ap-
plication of this concept in solar energy harvesting with
plasmonic nanostructures11: both in photovoltaics27 and
photocatalysis8,28,29 and also for the development of
novel concepts in opto–electronics30.
I. METHODS
Sample preparation TiO2 films were deposited on glass
substrates by means of electron beam evaporation at
∼ 1.5 A˚/sec rate to a nominal mass thickness of 200
nm. The films were annealed under an oxygen atmo-
sphere at 450 ◦C after deposition. Nanowire gratings
were fabricated by means of electron beam lithography,
using a Vistec EBPG 5000 plus ES (100 keV, 3 nA). To
this end, the TiO2–coated glass substrates were covered
with a double–layer positive resist consisting of 50 nm
of poly(methyl methacrylate) (Micro-Chem, 950k A2)
on top of 110 nm of methyl methacrylate (Micro-Chem,
MMA(8.5) MAA EL6). A 20 nm layer of Cr was de-
posited on top of the resist in order to provide a charge
dissipation layer during the electron beam lithography
step. After exposure, the Cr layer was chemically etched
and the patterns on the positive resist layer were devel-
oped with a 1:3 methyl isobutyl ketone/ isopropanol solu-
tion for 60 s, rinsed by ultrasonication with isopropanol,
and dried with a nitrogen gun. 2 nm of Ti followed by 30
nm of Au were deposited by electron beam evaporation
at ∼ 0.5 A˚/sec rate. The final step in the nanofabrication
consisted on a lift off step with acetone. The structures
were characterised by scanning electron microscopy (FEI,
Nova NanoSEM 430) and had lateral extensions of 500
µm x 500µm.
Steady–state extinction measurements Light from a
halogen source was polarised with a polariser and was
incident normal to the surface of the samples. The trans-
mitted light was collected using a low magnification ob-
jective lens using an inverted microscope and was sent
to the entrance port of an imaging spectrometer (Andor
Shamrock SR-303i-A) equipped with a CCD (Andor iDus
DU920P-BR-DD). Transmission spectra were measured
relative to bare TiO2 areas in the sample.
Femtosecond Transient Absorption Spectroscopy A
high–repetition–rate regenerative amplifier (Coherent
RegA9050, 800 nm, 1W and 96 kHz) was employed as
the laser source. The output of the RegA amplifier was
re–compressed (Coherent EC9150) to 60 fs before being
split to generate pump and probe pulses. A branch of
the output pumped a tunable optical parametric ampli-
fier (Coherent OPA9450) to produce pump pulses in visi-
ble range (480–750 nm). Near-IR white light probe pulses
(800–1400 nm) were generated by focusing the rest of fun-
damental pulses (800 nm) into a 3 mm–thick YAG win-
dow (CASTECH). A longpass filter was used to block the
visible light in the probe pulses. Pump and probe pulses
were focused on the sample with an off-axis parabolic
mirror and overlapped at the sample with a pump spot
size of 200 µm in diameter. The pump pulses were nor-
mally incident on the sample and polarised perpendicular
to the long axis of the nanowires.
The absorption changes were measured by comparing
adjacent probe pulses with and without pump pulses us-
ing a synchronised mechanical chopper in the path of
the pump beam. The time–resolved transient absorption
spectra were recorded using visible and NIR versions of
the high-speed fiber-optic spectrometer (Ultrafast Sys-
tem, ∼9,200 and 7,100 spectra/sec, respectively). The
delay time between pump and probe pulses was con-
trolled using a motorized delay stage (Newport UTM-
PP0.1, with step size of 0.66 fs and range of 800 ps).
The temporal resolution of the whole setup was estimated
at 200 fs (FWHM) by measuring the auto–correlation of
fundamental pulses. A low noise level was achieved below
5x10−5 OD, by taking advantage of the high–repetition–
rate laser and high signal averaging approach coupled
with an acquisition process that rejected any outlying
spectra. Photo-degradation and thermal effects were
avoided by using low incident powers and their absence
was ascertained by repeating the measurements several
time ensuring identical outcomes.
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9Appendix S1: Rigorous coupled wave analysis
We employed the RETICOLO implementation of the
frequency–domain Rigorous Coupled Wave Analysis for
simulating the interaction of light with the nanowire
gratings1–3. Convergence checks were carried out and
allowed us to choose 50 Fourier orders for all the simula-
tions shown here. In the simulations we used tabulated
data for the refractive index of Au4, assumed a refrac-
tive index of 1.5 for the substrate and 1. for the medium
above the gratings The refractive index of the TiO2 film
was obtained from spectroscopic ellipsometry measure-
ments. Figure S1 shows the calculated extinction spectra
for p–polarisation, which exhibits good qualitative agree-
ment with the experimentally measured data shown in
figure 2(A). For a grating period of 400 nm, we show in
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FIG. S1: Calculated 1 - T spectra for idealised Au nanowire
gratings of width 100 nm and height 30 nm resting on top of
200 nm of TiO2.
figure S2 the maps of the magnetic and electric fields, the
latter exhibitng a strong spatial confinement to the edges
of the nanowires closest to the supporting TiO2 films, in
addition to a characteristic dipolar character. The map
of the magnetic fields show also evidence of clamping of
this fields at the position of the nanowires. Both of these
features are characteristic of waveguide–plasmon polari-
tons.
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FIG. S2: Spatial map of the magnetic (left) and electric (field)
on an Au nanowire supported on a 200 nm thick TiO2 film
for an incident wavelength of (A) 615 nm and (B) 710 nm and
a nanowire grating period of 400 nm.
In figure S3 we show the “absorption” loss L, both as
a function of height (i.e integarted over all other dimen-
sions) and as a cross-section, which is calculated for a
wavelength λ and for TM polarisation as:
L =
pi
λ
∮
Im{(λ)} (|Ex|2 + |Ez|2) dS, (S1)
where the integral is performed over a surface of a
medium with a permittivity . This value is proportional
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FIG. S3: (Left) Absorption loss vs. height (z) (Right) Map
of the absorption loss.
to the amount of energy absorbed in the structure.
Appendix S2: Coupled oscillator model
Here we present analytical expressions of the eigenval-
ues and eigenvectors of the Hamiltonian shown in equa-
tion 1.
10
period (nm)
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L 
(a.
u.)
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0.045
FIG. S4: L of eqn. (S1) calculated for the higher–energy
bands of figure S1 shown as a function of grating period.
The uncoupled subsystems are idealised to share a
quantum of excitation and consist of a waveguide state
denoted |w〉 and a plasmon state |sp〉. Using these states
as a basis set, the Hamiltonian reads(
Ep ~Ω/2
~Ω∗/2 EW
)
− i~
(
γp 0
0 γw
)
, (S1)
where the second term accounts for damping in either
sub-system. Note that we are not considering cross-
damping terms which have been shown to account for
incoherent exchange of energy between the uncoupled
sub-systems5. The energy dispersion curve shown in fig-
ure 2(A) is given by the real part of the eigenvalues of
the Hamiltonian,
E±(δ) =
E¯p + E¯W
2
±
√(
E¯p − E¯w
2
)2
+ |~Ω/2|2, (S2)
where E¯k = Ek − i~γk. The imaginary part of these
eigenvalues gives in turn the expected linewidths of the
polariton branches,a result we show in figure 2(C)
To find the eigenvalues, we shift, for the sake of sim-
plicity, all energy values with respect to (Ep + EW )/2
defining a δ = Ep − EW , rendering the real (Hermitian)
part of the Hamiltonian:
1
2
(
δ ~Ω
~Ω∗ −δ
)
(S3)
For which it is straightforward to show that the (nor-
malised) upper polariton state |P+〉 can be written as
the following superposition of states:
|P+〉 = 1√
1 +
(
e++2δ
~Ω
)2 |w〉+
√
δ + 2e+
2e+ + δ + ~Ω
|sp〉 (S4)
where :
e+ =
√
δ2 + (~Ω)2/2 (S5)
Figure S5 shows the evolution of the “plasmon coef-
ficient” (the factor before |sp〉) with grating period ob-
tained for the data of figure 2.
Period (nm)
300 400 500 600
0
0.2
0.4
0.6
0.8
1
|cp+|2
|cp- |2
FIG. S5: Evolution of the plasmon coefficients vs. grating
period obtained from the data shown in figure 2(B) using the
model described in this section.
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Appendix S3: Additional transient absorption
results
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FIG. S6: Transient absorption measurements performed on a
grating and its adjacent (bare) TiO2 surfaces.
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FIG. S7: Effect of the polarisation of the incident pump beam
on the measured transient transmission spectrum. Grating
period 425 nm.
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FIG. S8: Plot of the intensity of the transient signal vs pump
power exhibiting a clear linear relationship. Grating period
425 nm.
500 600 700 800 900 1000 1100
T
0.2
0.4
0.6
0.8
1
Wavelength (nm) 
500 600 700 800 900 1000 1100
∆
O
D
×10-4
0
5
10
0 ps
1 ps
2 ps
5 ps
FIG. S9: (Top) steady–state and (Bottom) transient absorp-
tion spectra for a sample with a nanowire grating period of
350 nm.
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FIG. S10: (Top) steady–state and (Bottom) transient absorp-
tion spectra for a sample with a nanowire grating period of
425 nm.
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FIG. S11: (Top) steady–state and (Bottom) transient absorp-
tion spectra for a sample with a nanowire grating period of
450 nm.
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FIG. S12: (Top) steady–state and (Bottom) transient absorp-
tion spectra for a sample with a nanowire grating period of
500 nm.
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FIG. S13: (Top) steady–state and (Bottom) transient absorp-
tion spectra for a sample with a nanowire grating period of
550 nm.
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Appendix S4: Assignment of mechanical oscillations
FEM simulations of the mechanical properties of the
Au nanowires (including Ti adhesion layers for Ohmic
samples). We have considered breathing–mode oscilla-
tions of a cross section of the composite nanowire (see
Fig S14) under two limiting cases. In the first case,
the bottom surface of the bimetallic nanowire is kept
free, and in the second case the bottom surface of the
bimetallic nanowire is rigidly fixed, i.e., no displacement
is allowed. This covers the limiting cases where the sub-
strate is not affecting nanowire motion, and when the
substrate rigidly restrains it. FEM simulations predict
breathing mode vibrational frequencies of 13.8 GHz and
14.7 GHz for weak and strong mechanical coupling with
the substrate, respectively. Experimental results indicate
a vibrational frequency of 13.3 GHz which is in reason-
able agreement with the two limiting cases we have con-
sidered.
FIG. S14: FEM simulations of the acoustic vibration mode
of single Au/Ti nanowire. Results of the displacement fields
using a free surface model (a) and a fixed surface model (b).
A cross-sectional view of the nanowire is presented, where ar-
rows indicate the direction of the displacement field and thin
black lines represent the unperturbed shape of the nanowire.
The colour scale bar represents the normalized displacement
field. (Bottom) Fourier transform of the data for the nanowire
grating with a 425 nm period for t > 10 ps, clearly displaying
a peak at 14 GHz. This Fourier component can be accounted
for by coherent acoustic oscillations (transverse) of the Au
nanowires.
Appendix S5: Kinetic model
We consider an over–simplified situation where the ini-
tially populated P+ polariton states decay through elec-
tron injection into accepting states in the semiconductor
or by means of radiative or other non–radiative decay
mechanisms.
After excitation of the system into a P+ state, the pop-
ulation NA(t) of electrons in the accepting states of TiO2
evolves according to the following differential equation:
N˙A = kinj |c+p |2P+ − krecNA. (S1)
The population of the polariton state P+ instead decays
according to:
P˙+ = −(kinj + k)P+ (S2)
where the dot represents a time–derivative and k rep-
resents a sum over all rates causing a decrease in the
population of the polariton state.
The population of electrons in the accepting states in
the semiconductor NA increases by electron transfer from
the polariton state P+, in particular, from its plasmon–
like component given by |c+p |2, which according to the
data shown in figure 2, varies with the periodicity of the
nanowire grating. NA decreases in time due to back–
electron transfer to the metal, a process that occurs with
a rate constant kr.
The population of the excited state decays via electron
transfer to the accepting states with a rate given by kinj
or by means of other radiative or non–radiative decay
mechanisms. The equation describing the time evolution
of P+ can be readily integrated to yield an exponential
decay:
P+(t) = P+(0)e
−t(kinj+k), (S3)
where P+(0) is proportional to the number of absorbed
photons.
Integration of the equation for NA(t), subject to
NA(0) = 0, i.e. no electrons in accepting states at time
t = 0, yields:
NA(t) = φinj |c+p |2P+(0)
[
e−krt − e−(kinj+k)t
]
, (S4)
where the quantum yield of electron injection has been
defined as:
φinj =
kinj
kinj + krad + knr
. (S5)
For time scales much shorter than the recombination
rate (kr ∼ 1ns−1, see Furube et al24) NA(t) is approxi-
mately given by:
NA(t) ≈ φinj |c+p |2P+(0)
[
1− e−(kinj+k)t
]
, (S6)
which implies that the maximum amplitude of NA is pro-
portional to φinj |c+p |2P+(0), as indicated in figure S15.
For experiments carried out under similar excitation den-
sities (i.e. similar number of incident photons over the
sample, and assuming similar absorption cross-sections),
differences in the amplitudes of NA are proportional to
φinj |c+p |2. A similar model has been considered by Tian
et al6.
Appendix S6: Radiative damping of a classical
oscillator
The rate of radiative damping in a classical oscillator
is given by
krad =
1
4pib
4ω3|d|2
3~c3
(S1)
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FIG. S15: Kinetic model. Plot of NA vs. time (in units of
(kinj+k)t for two values of the amplitude A = φinj |c+p |2P+(0)
as indicated.
where d is the dipole moment of the oscillator, c is the
speed of light, ω the frequency and B the permittivity
of the medium surrounding the oscillator.
When this oscillator is coupled to another one, such
as in the case of plasmon–waveguide strong coupling, the
dipole moment d± is given as a linear superposition of the
dipole moments (d and dc) of the coupled oscillators
5:
d± = a± · d + b± · dc, (S2)
where a± and b± are the mixing coefficients (similar to
those encountered in S2), dc is the effective dipole of the
waveguide mode. If dc is smaller than d, then strong
coupling results in a hybrid mode with a dipole moment
that can be smaller than d leading to a reduction in the
radiative decay rate.
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